INTRODUCTION
The conjunctiva is the mucous membrane that lines the inner aspect of the eyelid and the sclera. It is the largest component of the ocular surface and consists of a stratified nonkeratinized columnar epithelium resting on the connective tissue [1] . The epithelial cells have tight junctions that connect adjacent cells and form a layer that serves as a protective barrier from external injury [2] . The goblet cells in the conjunctiva produce mucin that aid in lubricating the eye and contribute to ocular surface immune surveillance [3] .
Chemical burns, mucous membrane pemphigoid, trachoma, tumors, pterygium, and StevensJohnson syndrome can impair conjunctival architecture and physiology [1] . Extensive ocular surface diseases (OSDs) involving the conjunctiva cause sight-threatening complications, such as chronic dry eye, corneal infections, and corneal and scleral melting [4] . Conjunctival reconstruction can be achieved by direct closure of wounds, if the defects are small, or with autologous conjunctival or amniotic grafts for larger defects (e.g., following resection of large tumors, recurrent pterygia, symblephara) [5, 6] . However, there are issues with these surgical approaches. For autologous grafts, there is a limitation of donor graft size [7] . Amniotic membrane alone is only a temporary solution with poor long-term outcomes, because postoperative epithelialization depends on the viability of the surrounding tissue [8] . Oral and nasal mucosa have been tested as alternatives to replace the diseased conjunctiva [9, 10] ; however, complications with donor tissue harvesting, keratinization, and cosmetic appearance can affect outcomes [11] .
A recent approach to ocular surface rehabilitation is grafting a bioengineered construct that combines cultivated conjunctival cells on a biological scaffold [12, 13] . The ex vivo culture of conjunctival epithelium has been successfully established with the cultivated cells retaining their mature phenotype and functional characteristics similar to those found in vivo [14] . Various clinical trials have shown the effectiveness of cultivated conjunctival epithelium transplantation (CCET) for OSDs, achieving faster epithelial healing, prompt resolution of inflammation, and shorter recovery time [13, 15] .
To construct a tissue-engineered graft, conjunctival epithelial cells have to be cultivated on carriers [14] . Different substrates, such as amniotic membrane, other biological carriers, and synthetic materials, have been studied in animal and clinical trials. Among the biomaterials, human amniotic membrane (HAM) is one of the most widely used scaffolds [16] . It consists of a mechanically strong basement membrane with a porous matrix, rich in growth factors, hydrated proteoglycans, and glycoproteins, allowing excellent cell adhesion and growth [17] . In addition to its anti-inflammatory and antimicrobial activity, HAM is nonimmunogenic and can facilitate wound healing and re-epithelialization [18] .
HAM is routinely frozen in cryoprotective solution prior to clinical use to allow timely donor screening for transmissible diseases. This renders the amniotic epithelial cells no longer viable. Various studies have shown that cells grown over HAM with intact epithelium maintain stemness and progenitor phenotypes, whereas tissue culture on HAM denuded of epithelium showed better explant outgrowth, stratification, and cell junction formation [19] . Because the primary goal of conjunctival reconstruction is to re-epithelialize and stabilize the ocular surface, there is a need for efficient epithelial repopulation, stratification and goblet cell differentiation. Hence, the deepithelialization of HAM is a crucial step for conjunctival epithelial cell expansion [20, 21] .
HAM epithelial denudation can be achieved with a variety of protocols using chemical and enzymatic agents [22, 23] . However, the effectiveness in removing epithelial cells varies among these methods. Moreover, when enzymes are used, the harsh digestion process can also affect the integrity of basement membrane, extracellular matrix protein, and growth factor content [17, 21] . In this case study, we showed the clinical outcomes of two patients receiving CCET on urea-denuded HAM in ocular surface reconstruction.
MATERIALS AND METHODS

Operation Information
Informed consent was obtained from patients under the tenets of the Declaration of Helsinki. A corneal specialist (J.M.) conducted the ophthalmic examinations, biopsies, and transplantation of tissue-engineered constructs at the Singapore National Eye Centre. Clinical grade donor amniotic membranes were obtained from Singapore Eye Bank. A cell biologist (G.Y.) was responsible for HAM preparation and explant cultures at the Singapore Eye Research Institute.
HAM Preparation and Urea Denudation
Fresh human fetal amnion was isolated from placenta (mother aged below 40 years) after elective cesarean section, with written consent and protocol approved from SingHealth Centralized Institutional Review Board (CIRB 2015/2607). The amnion was processed, transported, and stored according to the U.S. Centers for Disease Control and Prevention Guidelines. Mandatory serology tests for transmissible diseases were negative before clinical use, following the routine standard operational procedure. The HAM was stored frozen in Dulbecco's modified Eagle's medium/glycerol (50:50 vol/vol; Sigma-Aldrich, St. Louis, MO, USA) for 6 months before use. After thawing, HAM pieces were washed with sterile Dulbecco's phosphate buffer solution (Ca ++ /Mg ++ free, Lonza 17-512F, cGMP, Singapore) to clear glycerol. HAM denudation was performed as described previously. In brief, it was immersed in ice-cold 5 M urea (Sigma-Aldrich) in phosphate-buffered saline for 5 minutes, followed by gentle scraping using a cotton tip to remove the loosened amniotic epithelium. The denuded HAM was rinsed extensively with phosphate-buffered saline to remove all cell debris and urea. It was then flattened on a sterile nitrocellulose frame (interior 4 × 4 cm size; autoclaved at 121 C at 100 kPa for 15 minutes) with basement membrane side facing up and conditioned with culture media for 30 minutes before use for cell culture.
Conjunctival Explant Culture and Tissue-Engineered Construct
The conjunctival biopsy was performed in two cases in the operation theater by harvesting approximately 2 × 2 mm of healthy conjunctival tissue. In the giant nevus case, caution was taken to ensure the harvest biopsy did not contain any melanocytic cells. For the patient with symblepharon, biopsy was taken outside of the scarred region. The tissue was immediately stored in a sterile vial containing balanced salt solution, double boxed, and transferred at room temperature to laboratory for processing. The samples were washed in Hank's balanced salt solution (Ca ++ /Mg ++ free, Lonza 10-543Q, cGMP, Singapore) containing penicillin 300 μg/ml, streptomycin sulfate 300 μg/ml (Lonza, 17-602E, cGMP, Singapore), and 7.5 μg/ml amphotericin B (Lonza 17-836E, cGMP, Singapore) for 3 times with careful clearing of blood traces and stromal debris. The samples were trimmed to 0.5 × 0.5 mm blocks and evenly placed on the basement membrane side of the urea-denuded HAM (uHAM). The culture medium was Defined Keratinocyte Serum-Free Medium with bovine pituitary extract (Thermo Fisher Scientific 10,744,019, Waltham, MA, USA), containing 1% recombinant insulin human (FeF Chem 66,001, ISO9001, Koge, Denmark), 10 ng/ml recombinant human epidermal growth factor (Cellgenix 1,016-050, GMP, Freiburg, Germany), 0.5 μg/ml hydrocortisone (Sigma, Fluka PHR1014, USP), 5% Human Serum AB (Lonza 14-490E, cGMP), 0.9 mM calcium chloride (CaCl 2 , Sigma-Aldrich), 100 U/ml penicillin/100 μg/ml streptomycin sulfate, and 2.5 μg/ml amphotericin B. After 24 hours for initial attachment, the blocks from the biopsies were fully immersed in culture medium, which was replenished every 3 days. culture was conducted twice weekly using digital single lensreflex camera (EOS 4000D; Canon, Tokyo, Japan) and phase contrast microscopy (Eclipse TS100; Nikon, Tokyo, Japan). After 18 to 21 days, the confluent monolayer culture was replaced with stratification medium (same culture medium with 1.2 mM CaCl 2 ) for 7 days, and the uHAM-CCET construct was ready for transplantation.
Immunofluorescence
Samples were fixed in freshly prepared neutral-buffered 3% paraformaldehyde (Sigma-Aldrich) for 20 minutes at room temperature. After washing with phosphate-buffered saline (PBS; 0.1 M, Life Technologies), the samples were treated with 50 mM ice-cold ammonium chloride (Sigma-Aldrich) to quench free reactive aldehydes. They were permeabilized and blocked with 0.15% saponin (Sigma-Aldrich), 2% bovine serum albumin (SigmaAldrich), and 5% normal goat serum (Invitrogen). The samples were then incubated with primary antibodies against human epitopes of Ki67 (Sigma-Aldrich AB9260, 1 μg/ml), MUC5AC (Sigma HPA040615, 5 μg/ml), cytokeratin 4 (CK4, Acris BM559, 2 μg/ml, Rockville, MD), and CK19 (Millipore MAB3238, 2 μg/ml, Burlington, MA) for 2 hours at room temperature. After PBS washes, the samples were incubated with appropriate fluorescence conjugated immunoglobulin G secondary antibody (Jackson ImmunoRes, West Grove, PA) for 1 hour in the dark. They were then mounted with FluoroShield containing 4 0 ,6-diamidino-2-phenylindole (Santa Cruz Biotechnology, Santa Cruz, CA) for nuclear contrast staining and visualized under fluorescence microscopy (AxioImager Z1; Zeiss, Oberkochen, Germany).
Electron Microscopies
Samples were fixed with 3% glutaraldehyde (EM Sciences, Hatfield, PA) in sodium cacodylate buffer (Sigma-Aldrich) and then in 1% aqueous solution of osmium tetroxide (EM Sciences), and processed for Epon-Aradite embedding. After staining with 3% uranyl acetate (EM Sciences) and lead citrate (prepared from lead nitrate and sodium citrate, Sigma-Aldrich), ultrathin sections were examined under transmission electron microscopy (TEM; JEOL 2100, Tokyo, Japan) at 80 kV. For scanning electron microscopy (SEM), the fixed samples were dehydrated with an alcohol series of increasing concentration, critical point dried, and sputter-coated with gold alloy (10 nm thick) and viewed under Quanta 650 fieldemission gun-scanning electron microscope (FEI, ThermoFisher) at 20 kV.
Tissue-Engineered Construct Transplantation
In both cases, the uHAM-CCET construct was trimmed to match the wound size, placed with epithelium-side-up, and secured to the resected conjunctival margins with interrupted 10/0 polygalactin sutures and fibrin glue. All surgical steps were documented, including the preoperative size of the lesion (Fig. 1A) , the positioning and tailoring of the uHAM-CCET size after wound excision (Fig. 1B) , and final aspect after suturing (Fig. 1C) . The remaining uHAM-CCET pieces were sent back to the laboratory, fixed, and processed for immunofluorescence and electron microscopies. Both patients were prescribed with dexamethasone (1 mg/ml, Alcon, Fort Worth, TX) and levofloxacin (1 mg/ml, Santen Pharmaceuticals, Osaka, Japan) eye drops four times daily for a minimum of 3 months.
Patients
Case 1
A 14-year-old Indonesian male presented with an extensive nasal melanocytic lesion in his left eye that covered approximately half of the bulbar conjunctiva ( Fig. 2A) . He noted a growth of the lesion during puberty. There were no complaints of pain, itching, or bleeding of the lesion; the remaining ophthalmic assessment was also unremarkable, with uncorrected visual acuity (UCVA) of 6/7.5. Surgical incisional biopsies were taken from five different areas, all of which revealed cysts and benign melanocytes; there was no overt atypia or mitotic activity, which supported the diagnosis of benign conjunctival melanocytic nevus. Surgery was subsequently conducted with a complete excision of the lesion with a safety margin of 2 mm. Cryotherapy was performed at the margin of the resected conjunctiva as an additional step of the procedure before grafting a uHAM-CCET construct onto the bare sclera.
Case 2
A 36-year-old Chinese male presented with a severe symblepharon that extended from the inner aspect of the lower eyelid to the inferior limbus in both eyes, with greater severity in the right. Scarring of the lower bulbar conjunctiva and fibrous, keratinized tissue that covered approximately 2.5 mm of the inferior corneolimbal area was noted. There was also fornix shortening and scarring (Fig. 2D) . The patient had a history of working at an industrial site with exposure to toxic fumes. However, he denied any mechanical or chemical trauma, eye surgeries, or any autoimmune disorders. The rest of his ophthalmic examination was unremarkable, and his UCVA was 6/6. 
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An incisional conjunctival biopsy was performed outside the area of the affected conjunctiva and a histopathological examination with direct immunofluorescence was negative for ocular mucous membrane pemphigoid. An oral and maxillofacial surgeon specialist harvested a mucosal graft from the hard palate prior to the eye surgery. Complete excision of the symblepharon was performed with a debridement of the corneal epithelium to release all tissue adhesions. To reconstruct the tarsal plate, a hard palate graft was placed and secured at the inferior tarsal plate with 10/0 polygalactin sutures before the uHAM-CCET was attached to the bulbar surface.
RESULTS
Tissue Engineering of CCET
The conjunctival epithelial biopsy adhered to the uHAM in 4-6 hours and generated visible explants after 2-3 days (Fig. 3A) . The primary colonies expanded, merged, and propagated to a confluent monolayer sheet over 3-4 weeks (Fig. 3B, 3C) , and cells displayed predominantly cobblestone appearance, typical of epithelial morphology and lack of any slender fibroblastic cell types (Fig. 3D) . After stratification, multilayered epithelium was seen under TEM (Fig. 3E) . The epithelial cells were anchored to neighboring cells through cell junctions (tight and adherens) and desmosomes (Fig. 3F) , and closely adhered to the basement membrane via hemi-desmosomes (Fig. 3G) . They did not show any signs of cellular abnormality, such as alterations of mitochondria and endoplasmic reticulum or induction of lysosomes and intracellular vesicles (Fig. 3E-3H ). Toward the superficial layer, some cells exhibited short apical microvilli (Fig. 3H) . Under SEM, the polygonal-shaped epithelial cells were closely packed together with clear interface between cells, and the apical surface was covered by microvilli (Fig. 3I) . Immunofluorescence showed that the conjunctival epithelial sheet positively expressed proliferating cell antigen Ki67 (Fig. 3J) , CK19 (epithelial marker; Fig. 3K ), CK4 (conjunctival epithelial marker; Fig. 3L ), and mucin glycoprotein MUC5AC (Fig. 3M ).
Clinical Results
Case 1
The ocular surface was stable at the first postoperative visit, without any epithelial defect, and it remained stable thereafter. In the 2nd-month postoperative visit, the aesthetic aspect of the operated eye was similar to the untreated contralateral eye, with minimal conjunctival scarring and no epithelial defect on the ocular surface. The patient remained satisfied, and the visual acuity was stable. He had no complaints at his last followup, 7 months after surgery (Fig. 2B, 2C ).
Case 2
Complete conjunctival epithelial healing was achieved within 3 weeks. There was a persistent small corneal epithelial defect of less than 1.5 mm at the inferior nasal periphery of cornea, which was treated with bandage contact lenses and lubricants. In the 5th-month postoperative visit, there were no signs of ocular surface inflammation or epithelial erosions (Fig. 2E, 2F) . At his last follow-up visit, over 19 months after surgery, the patient's UCVA was unchanged, with a completely epithelialized and stable ocular surface without any signs of symblepharon recurrence.
DISCUSSION
We have previously described a de-epithelialization protocol for HAM using a brief 5-minute treatment with ice-cold 5 M urea, followed by gentle scraping [23] . This method is nontoxic and preserves the basement membrane structure, stromal composition, and growth factor content. This case series showed two patients with extensive OSD who received uHAM-CCET. The patients had satisfactory visual and aesthetic outcomes, and the reconstructed ocular surface was stable throughout a mid-term follow-up period of up to 19 months. There were no signs of recurrence. At the time of transplantation, the confluent epithelia generated on uHAM expressed typical conjunctival epithelial markers (CK4, CK19, MUC5AC), as well as multilayered intact epithelial structure. Large areas of conjunctival lesions requiring reconstruction, such as symblephara, large neoplastic lesions, and recurrent pterygia, may cause a risk of ocular surface instability [24] . In such cases, CCET can improve wound healing and re-establish both the anatomy and homeostasis of the ocular surface. Our protocol showed that a small biopsy of conjunctival tissue (less than 2 × 2 mm size) was sufficient to generate conjunctival epithelium on denuded HAM of 4 × 4 cm in dimension for transplantation use. The successful acquisition and expansion of small conjunctival biopsies highlights the minimal invasiveness of this approach. This can be particularly useful in patients with extensive OSD, in which only judicious and small-scale harvesting of healthy conjunctiva is possible [25] .
In most tissue engineered-based treatments, the cultivated cells require a carrier for surgical delivery and also to serve as an appropriate scaffold that facilitates cell growth and establishes cell-to-cell contact and signaling [8] . This enables the cells to effectively form an intact epithelium [16] . HAM is one of the most popular bioscaffolds used in tissue engineering because of its strong basement membrane with hydrated proteoglycans and glycoproteins, as well as its spongy matrix, which is rich in growth factors [16] . When HAM is frozen in cryoprotective solution with 50% glycerol, the viability of amniotic epithelial cells is adversely affected, whereas the basement membrane structure and integrity 
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is maintained [17] . The freeze-thaw method and/or harvest site will affect HAM transparency. For instance, when compared with the corneal transparency, freeze-dried HAM retained up to 85% transparency, whereas when it was freeze-thawed and harvested distally, it was 83% as transparent as a normal cornea [26] . The intact HAM has been shown to support stemness and progenitor phenotypes for limbal epithelial cell culture [23] . In contrast, the cells cultured on the denuded AM displayed better repopulation, stratification, and epithelial hallmarks, such as cell junction formation [27] . Use of HAM is associated with certain disadvantages, including the risk of transmission of communicable diseases and biological variability of AM components from different donors [26] . In spite of these, HAM remains the gold standard substrate for ocular surface reconstruction.
HAM denudation can be achieved using chemical and enzymatic agents. The use of dispase, trypsin, ethylenediaminetetraacetic acid (EDTA), thermolysin, and ethanol has shown variable efficiencies and treatment time (from a few minutes to hours). They can also affect the basement membrane integrity and the collagen and matrix protein content, as well as the loss of growth factors [20] [21] [22] . We have reported a gentle, nontoxic, and efficient protocol using ice-cold urea to de-epithelialize HAM that resulted in a bioscaffold with intact basal lamina and smooth basement membrane surface [23] . The treatment of ice-cold urea creates an osmotic gradient that loosens cell-to-cell and cell-basement membrane contacts, enabling an efficient removal of dead epithelial cells from AM basement membrane by gentle scraping. Similar effect has been reported with other agents, like EDTA, but the complete de-epithelialization can take hours [21, 23] .
Several clinical reports have demonstrated the safety and efficacy of HAM as a scaffold for conjunctival reconstruction. In 2002, Scuderi et al. reported the use of cultivated conjunctival cells on petroleum gauze as a scaffold for ocular surface reconstruction following the excision of conjunctival nevus, xeroderma pigmentosum, and iatrogenic symblepharon [28] . However, no stability data on the patient follow-up were presented. A larger case series of CCET and HAM had shown the successful management of giant nevi, large pterygium, leaking trabeculectomy blebs, and superior limbic keratoconjunctivitis with full epithelialization within 12-14 days and a reported stability of 11.6 months [29] . Sangwan et al. reported a different approach using both limbal and conjunctival cells cultured on denuded HAM for treating a case of extensive symblephara after a chemical burn. They showed an improvement in visual acuity and reestablishment of ocular surface with a follow-up longer than 1 year [30] .
The use of new biomaterials has raised interest in the field of tissue engineering, and new candidates to substitute HAM as a scaffold such as polylactide-co-glycolide, poly ε-caprolactone, and other extracellular matrix-protein-containing membranes are under investigation [31] . in vitro studies have shown the improvement of cell growth and goblet cell differentiation [32] . Although these synthetic polymer membranes could have the advantages of higher mechanical strength and biodegradability, the lack of transparency and challenges of fine-tuning the hydrophobicity could affect the biocompatibility, such as cell adhesion, proliferation, and viability [25] .
CONCLUSION
This is the first clinical report to show that CCET on denuded HAM prepared by an efficient and inexpensive method of ice-cold urea has achieved satisfactory visual and aesthetic outcomes for patients presenting OSD. However, our work has limited sample size, which renders any statistical inference unreliable. Recruitment of more cases is ongoing. This case series demonstrated that uHAM-CCET is a safe and feasible approach and has translational potential for ocular surface reconstruction.
